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Scattering of coherent light as it propagates parallel to a shock wave, formed in front of a bluff cylindrical body placed in a supersonic stream, is studied experimentally and numerically. Two incident optical fields are considered. First, a large diameter collimated beam is allowed to pass through the shock containing flow. The light intensity distribution in the resultant shadowgraph image, measured by a low light CCD camera, shows well-defined fringes upstream and downstream of the shadow cast by the shock. In the second situation, a narrow laser beam is brought to a grazing incidence on the shock and the scattered light, which appears as a diverging sheet from the point of interaction, is visualized and measured on a screen placed normal to the laser path. Experiments are conducted on shocks formed at various free-stream Mach numbers, M, and total pressures, P0-It is found that the widths of the shock shadows in a shadowgraph image become independent of M and P0 when plotted against the jump in the refractive index, An, created across the shock. The total scattered light measured from the narrow laser beam and shock interaction also follows the same trend. In the numerical part of the study, the shock is assumed to be a "phase object," which introduces phase difference between the upstream and downstream propagating parts of the light disturbances. For a given shape and An of the bow shock the phase and amplitude modulations are first calculated by ray tracing• The wave front is then propagated to the screen using the Fresnel diffraction equation. The calculated intensity distribution, for both of the incident optical fields,
shows good agreement with the experimental data. © 1995 American Institute of Physics.
I. INTRODUCTION
A significant change of gas density across a shock is accompanied by a change in the refractive index. Upstream of the shock is a region of lower refractive index and downstream is a region of higher refractive index. A large deflection of light rays across this change in refractive index makes the shock easily visible in schlieren and shadowgraph images. The phenomenon is usually explained with the laws of geometrical optics (Merzkirch, t p. 115). However, a shock is also expected to cause light diffraction, as the extremely small thickness effectively makes it a sharp interface between the optically different upstream and downstream regions. The objective of the present work is to explore the light diffraction effects caused by a shock wave. This paper presents extensive experimental evidence and A numerical calculation based on the Huygens-Fresnel principle 2 to explain this phenomenon. Two different optical conditions, both of which involve significant diffraction effects as laser light propagates parallel to a shock surface, are considered.
The first one is the well-known shadowgraph situation, where a large diameter collimated laser beam is allowed to pass through the shock containing region and the shadowgraph image formed on a screen is studied.
The second is somewhat unknown and was first reported shock. When a screen is placed normal to the laser path, the cross-section of the sheet appears as a long, bright streak.
The scattered light is found to disappear at all other incidence angles when the laser beam pierces the shock. The optical phenomenon is also believed to appear primarily due to diffraction of laser light by shock waves; however, sufficient evidence to determine the exact nature of the phenomenon was absent. It has been demonstrated that the phenomenon can be used as the basis of a novel shock detection technique 3'5 which is convenient in detecting unsteady shock 
9).
However, the present problem involving shock waves is very different. Optical properties of the scattered light such as the intensity distribution, fringe spacing, and the effects of various fluid dynamic parameters were not studied for the diffraction effects caused by a shock wave.
In the experimental part of this study a steady bow shock, formed ahead of a bluff cylinder placed in a supersonic free stream, is used to study such effects. Light intensity distributions for both the wide angle scattering from a narrow beam and diffraction fringes in shadowgraph images are measured for various free-stream Mach numbers and total pressures. In the numerical part of this study, the phenomena are modeled as due to the phase difference between the light waves traveling upstream and downstream of the shock.
The two-dimensional (2-D) analysis assumes that the incidence disturbance field is made of plane and parallel waves to model the shadowgraph image and a Gaussian strip to model the narrow laser beam and shock wave interaction.
The diffraction patterns are calculated and presented after describing the experimental results. Finally, the similarities and differences between the two situations and various other parameters that may affect the diftYaction phenomena are discussed in the conclusion. A polarizer, placed in front of the laser was used to change incident beam polarization, and a combination of the polarizer and a neutral density filter was used to cut down the laser power when needed.
II. EXPERIMENTAL FACILITY
The scattered light patterns were visualized on a semitransparent screen (similar to a ground glass) placed normal to the laser path. The images on the screen were photographed using a cooled CCD camera which provided quan- Mach number is increased. However, for a fixed M, as Pc) is changed the shock shape and its location are not affected.
III. EXPERIMENTAL RESULTS
A steady shock is essential to achieve the experimental goal. To check the shock steadiness, video recordings of the shadowgraph images were obtained by a separate light intensified CCD camera that can be gated to a fast shutter speed of 20 ns. A frame by frame analysis showed that the shock was extremely stationary up to M_2.5, above which it meandered at a very low frequency, perhaps due to the proximity to the bluff body.
A. Diffraction effects in shadowgraph image of shock
The diffraction effects are not visible in the 35 mm photographs of Fig Table I presents such properties calculated for the tip region of the bow shock. Since the shock is normal to the flow direction at this location, flow properties downstream of the shock are obtained by applying the normal shock relations. The refractive indices (n) are calculated assuming ideal gas behavior, and by applying the Gladstone-Dale relationship: 1 n-1 =Co, where p is the local density of air and C is the Gladstone-Dale constant (C=2.25×10 -4 mS/Kg used for the laser wavelength). Data in Table I show that as Po is decreased keeping M constant, the air density, both upstream and downstream of the shock, decreases. The refractive indices also follow the same trend. The last column of Table I shows that the net difference of the index of refraction, An, between the upstream and downstream regions decreases with a decrease in P0-The dependence on M for a fixed P0, however, is not straightforward as the density change across a shock is a nonlinear function of M. Nonetheless, it is found that the jump in the refractive index across a shock is the single most important parameter that controls the shadow formation in the shadowgraph images. This is shown in Fig.   4 where the width of the central dark band, representing the shadow of the shock, is plotted against An. The data points are obtained from shadowgraph images on a screen placed at a fixed distance of 216 mm away from the shock and for different M and P0 conditions. The normalized light intensity distributions, similar to Fig. 3(c) , were obtained from Figure 4 shows that the shadow width increases with An and is independent of M and P0.
The implication of this result is that the only way any change in the fluid dynamic parameters affects the optical scattering is by changing the optical property of the medium, that is the net jump in the refractive index across a shock. Somewhat similar behavior is also observed ,when a narrow laser beam is used to study the shock laser interaction. This is discussed next. 
B. Narrow laser beam and shock Interaction
and is also shown in the schematic of Fig. 5 A second set of images was taken to measure the intensity distribution in the wide angle streaks (Fig. 8 ). For these measurements the incident laser beam had to be brought back to its full intensity and a 12 mm wide beam stop was placed just in front of the semitransparent screen to block the main beam. The latter was necessary to avoid blooming of and is found to be a fraction of a degree. The visible spread angle of the long streaks, on the other hand, can be as large as ___ 10°.
Shock waves are also known to cause light reflection.
However, the reflectivity of the shock fronts are very small. Measurements by Hornig 12 showed that the optical reflectivity of a strong shock is in the order of 10 -6, while the present data show that the net scattered light from a narrow laser beam and shock interaction can be greater than 1% of the incident laser power. Therefore, contribution from the reflected light to the net scattered light is expected to be minimal.
The light scattering phenomenon in the two situations considered here are indicative of a strong diffraction effect.
Noticeably, both phenomena appear when light disturbances travel parallel to the surface formed by a shock. In this condition, a part of the beam propagates upstream and the rest downstream of the shock. The difference in the optical path length between the two parts of the beam produces phase variation. Therefore, a shock wave can be thought of as a "phase object ''2 that does little change to the magnitude of the incident light disturbance, but considerably distorts the phase. The resulting diffraction pattern can be calculated by an application of the Huygens-Fresnel principle. In an elementary way, Pfeifer et al. 8 used the above principle to calculate the light intensity variation caused by the passage of a normal shock in a shock tunnel. It may be worthwhile to mention that any compressible flow, in general, is a phase configuration due to the variation in the refractive index with little absorption taking place, and a shock wave is the extreme case.
The present analysis is performed for the two incident light disturbance fields for which experiments were performed. At first, the ray tracing method is used to calculate the phase and intensity variation in a bundle of light rays just after crossing the shock wave. Next, scalar diffraction theory is applied to calculate the irradiance distribution after the emerging rays propagate to the screen) 3 Figure 10 Fig. 10 , sin 6,/sin ,_d=nd/n,, where 8u is the incidence angle and 6a is the refracted angle. After each ray emerges from the shock it is traced back to a virtual line of origin, z = z_, to avoid ray crossing and also to obtain a standard reference line to start the diffraction calculation.
The point of intersection of the traced back first ray, above _=0, to its original path is used to determine zv. The complex wave front at this virtual line of origin is determined as
_p](_)=a_(_)exp[i_b(_)], where phase _b(C')=kS(_), where S(¢')
is the computed optical path and k is the wave number 2_'/h; h is the wavelength of the laser light. The amplitude a(_) is determined using conservation of energy along ray bundles.
Assuming the rays do not cross, the energy between 0 to _0 at the starting line should be the same as that between 0 to _:at the virtual line of origin. This provides the integral equation
where the superscript * represents the complex conjugate. In the next step, the calculated wavefront _bl(_ is propagated to the screen, z distance away from the shock, using
_ ( However, the fringe spacings are slightly different and the peak intensity in the fringes are higher in the calculated data.
The latter is due, possibly, to an error in the experimental data, which is contaminated by a high level of speckle noise.
Moreover, as mentioned earlier, the experimental data were also averaged over 30 pixels.
Note that the zero on the abscissa of Fig. 11 represents the position of the shock, positive numbers represent downstream and negative numbers represent upstream distance.
The numerical data in Fig. 11 (b) demonstrate that the shock is located at the upstream edge of the thick shadow. This is consistent with the discussion of Merzkirch.t
It is interesting to note an important difference between the present analysis of light scattering by shock and the clas- the experimental data also suffer from speckle noise which obliterates the weak fringes, predicted by the computational data.
The primary shortcoming of the numerical calculation is the 2-D modeling of a three-dimensional (3-D) situation. The bow shock is axisymmetric; however, the present calculation assumes that the shock shape remains constant in the missing direction. A second source of error is in the assumption that the refractive index remains constant downstream of the shock. As the bow shock curves from its tip region, the fluid properties and, therefore, the refractive index changes. However, the success of the numerical calculation in capturing all features of the light scattering phenomena indicate that the above concerns are of secondary importance.
V. CONCLUSION
The physical appearance of the light scattering effects in the two optical situations considered in this paper is very different. In the shadowgraph situation a wide central dark band and a few fringes are observed, while in a narrow laser beam and shock interaction situation long streaks in the farfield are observed. However, a closer look reveals many similarities.
First, splitting of the main laser beam in the latter can be attributed to the shock shadow formation similar to that seen in the shadowgraph situation. Second, both situations involve light propagating tangential to the shock surface. The bow shock, considered in the present work, is a 3-D surface of revolution.
In the shadowgraph image of Fig.   2 , light has passed through every part of this surface; however, the shock shadow appears as a single line along the outer edge of the surface. Noticeably, only along this fine, light rays are at a grazing incidence on the shock surface---identical to the situation when long light streaks are found to appear from a narrow laser beam. Third, upstream fringes and the upstream part of the light streaks are weaker than their downstream counterparts.
Perhaps, a physical explanation unifying the two optical situations can be best provided from the Geometrical Theory of Diffraction. 16']7'9 According to this theory, electromagnetic diffraction of high frequency waves by straight edges gives rise to cylindrical diffraction edge waves. The total diffracted field, observed on the screen, is a sum of the inci- 
